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A B ST R A C T
Using new and archival radio data, we have measured the proper motion of the black 
hole X-ray binary V404 Cyg to be 9.2 ±  0 .3m asyr- 1 . Combined with the systemic 
radial velocity from the literature, we derive the full three-dimensional heliocentric 
space velocity of the system, which we use to calculate a peculiar velocity in the range 
47-102 km s - 1 , with a best fitting value of 64k m s- 1 . We consider possible explanations 
for the observed peculiar velocity, and find that the black hole cannot have formed 
via direct collapse. A natal supernova is required, in which either significant mass 
11M0 ) was lost, giving rise to a symmetric Blaauw kick of up to ~  65k m s- 1 , 
or, more probably, asymmetries in the supernova led to an additional kick out of 
the orbital plane of the binary system. In the case of a purely symmetric kick, the 
black hole must have been formed with a mass ~  9 M C0, since when it has accreted 
0.5-1.5 M 0 from its companion.
K e y  w o rd s : X-rays: binaries -  astrometry -  radio continuum: stars -  stars: individual 
(V404 Cyg) -  stars: supernovae: general -  stars: kinematics
1 IN T R O D U C T IO N
T he p roper m otions of X -ray  b in ary  system s can  be  used 
to  derive im p o rtan t in fo rm ation  on th e  b irthp laces and  for­
m ation  m echanism s of th e ir  com pact objects. Since typ ical 
p roper m otions are of o rder a few m illiarcseconds p e r year, 
h igh-resolution  observations and  long tim e baselines are re­
quired  to  m easure th e  transverse  m otions of such system s 
across th e  sky. P ro p e r m otions have only been  m easured  for 
a  hand fu l of X -ray  b inary  system s to  d a te  (M irabel e t al. 
2001, 2002; R ibo e t al. 2002; M irabel & R odrigues 2003a,b ; 
D haw an et al. 2006, 2007), and  only one X -ray binary , Sco 
X-1, has a m easured  p roper m otion, para llac tic  d istance, and 
rad ia l velocity (B radshaw  e t al. 1999; Cowley & C ram p ton  
1975). W ith  th e  position , p roper m otion, rad ia l velocity,
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and d is tance  to  th e  system , th e  full th ree-d im ensional space 
velocity of th e  system  can  be  derived. A long w ith  system  
p a ram eters  such as th e  com ponent m asses, o rb ita l period, 
donor te m p e ra tu re  and lum inosity, these p a ram ete rs  m ay 
be used to  reco n s tru c t th e  full evolu tionary  h is to ry  of th e  
b inary  system  back to  th e  tim e of com pact ob jec t fo rm a­
tion , as done for th e  system s G R O  J  1655-40 (W illem s e t al. 
2005) and  X T E  J  1118+480 (Fragos e t al. 2007).
By study ing  th e  d is tr ib u tio n  of black hole X -ray  b inary  
velocities w ith  com pact ob jec t m asses, we can  derive con­
s tra in ts  on theo re tica l m odels of black hole fo rm ation  (e.g. 
Fryer & K alogera 2001). T he  two m ost com m on theore tica l 
scenarios for crea ting  a black hole involve e ither a m assive 
s ta r  collapsing d irec tly  in to  a black hole w ith  very little  or 
no m ass ejection, or delayed fo rm ation  in  a  supernova, as 
fallback on to  th e  n eu tro n  s ta r  of m a te ria l ejected  during  
th e  explosion creates th e  black hole. In  th e  la t te r  case, con-
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s tra in ts  on th e  m agn itude  and  sym m etry  of any n a ta l kick 
can  also be derived. W hen  th e  p rim ary  s ta r  reaches th e  end 
of its  life and explodes as a  supernova, th e  cen tre  of m ass of 
th e  ejected  m ate ria l continues to  move w ith  th e  velocity th e  
progen ito r had  im m ediately  before th e  explosion. T he  cen­
tr e  of m ass of th e  b inary  system  th e n  recoils in  th e  opposite 
direction . Such a  kick (B laauw  1961) is th u s  constrained  
to  lie in  th e  o rb ita l plane. In  add ition , in  th e  presence of 
asym m etries in  th e  supernova explosion, a  fu rth e r, asym ­
m etric , kick, w hich need n o t be in  th e  o rb ita l p lane, m ay be 
im p arted  to  th e  b in ary  (see, e.g., B ra n d t & Podsiadlow ski 
1995; Portegies Z w art & Y ungelson 1998; Lai e t al. 2001, 
for m ore deta iled  overviews). W hile pu lsa r p roper m otions 
(Lyne & L orim er 1994) and  th e  h igh eccentricities of B e/X - 
ray  b inaries provide strong  evidence for asym m etric  kicks 
in  n eu tro n  s ta r  fo rm ation  (van den  H euvel & van P arad ijs 
1997; van den  H euvel e t al. 2000), less a tte n tio n  has been 
paid  to  black hole b in ary  system s. In  two of th e  black  hole 
X -ray  b inaries w ith  som e of th e  best observational con­
s tra in ts  on th e  system  param eters, X T E  J  1118+480 and 
G R O  J1655-40, th ere  is evidence for an  asym m etric  su ­
pernova kick (G ualandris e t al. 2005; W illem s e t al. 2005). 
T here  is also som e evidence suggesting an  asym m etric  kick 
in  G RS 1915+105 (D haw an e t al. 2007), a lthough  in  th a t 
case th e  u n certa in ty  in  th e  d is tance  to  th e  system  p re ­
cludes th e  derivation  of strong  co n stra in ts  on th e  kick ve­
locity. However, th e  black hole in  C ygnus X-1 is inferred 
to  have form ed v ia  d irec t collapse (M irabel & R odrigues 
2003a). M ore black hole sources need to  be  stud ied  to  m ea­
sure black hole kicks and  investigate  consequent fo rm ation  
m echanism s in  o rder to  co nstra in  theo re tica l m odels of black 
hole form ation.
1.1 V 404 Cyg
V404 Cyg is a  dynam ically-confirm ed black  hole X -ray 
b inary  system , w ith  a  m ass function  of 6.08 ±  0.06M q  
(C asares & C harles 1994). T he  system  com prises a black 
hole accre to r of m ass 1 2 -2 M q (Shahbaz e t al. 1994) in  a
6.5-d o rb it w ith  a 0.7-0'.2M q K 0 IV  s trip p ed  g ian t s ta r  
(C asares e t al. 1993; K ing 1993). T he  o rb it is highly circular, 
w ith  an  eccentricity  of e <  3 x 10- 4 , in  agreem ent w ith  th e  
fact th a t  tid a l forces ju s t before th e  onset of m ass tran sfe r 
should have recircularised  th e  o rb it following th e  supernova. 
I ts  low rad ia l velocity (—0 .4 ± 2.2 k m s - 1 ; C asares & C harles 
1994) has been  tak en  as evidence for a sm all n a ta l kick 
(B ran d t e t al. 1995; N elem ans e t al. 1999).
In  th is  p ap e r we presen t m easurem ents of th e  p roper 
m otion  of V404 Cyg, and go on to  derive its  full th re e ­
dim ensional space velocity, infer its  G alac tocen tric  o rb it, 
and  discuss th e  im plications for th e  fo rm ation  of th e  black 
hole in  th e  light of th e  inferred n a ta l kick from  th e  su p er­
nova.
2 OBSERVATIONS A N D  DATA R E D U C T IO N
In  order to  investigate  th e  p roper m otion  of th e  source, 
we in te rroga ted  th e  Very Large A rray  (VLA) archives for 
high-reso lu tion  observations of V404 Cyg. We selected only 
A -configuration  observations a t frequencies of 8.4 GHz and 
higher, to  o b ta in  th e  h ighest possible astrom etric  accuracy.
We fu rth e r res tric ted  th e  d a ta se t to  observations w here 
th e  phase ca lib ra to r was J  2025+3343, th e  phase reference 
source used in  th e  H igh Sensitiv ity  A rray  (HSA) observa­
tions of M iller-Jones e t al. (2008). Since all positions are 
m easured re lative to  th e  phase reference source, observations 
using a different secondary  ca lib ra to r w ould po ten tia lly  have 
been  sub jec t to  a system atic  positional offset.
T he  V LA d a ta  were reduced using s tan d a rd  proce­
dures w ith in  th e  31Dec08 version of AIPS (G reisen 2003). 
A scrip t was w ritten  in  P a r se lT o n g u e , th e  P y th o n  in ­
terface to  AIPS, to  au to m a te  th e  bu lk  of th e  calib ration . 
W e corrected  th e  derived positions for shifts in th e  as­
sum ed ca lib ra to r position , using a reference position  of 
20h25m 10S8421050 33°43/00"214430 (J  2000) for th e  ca lib ra­
to r  source. All co-ord inates were precessed to  J  2000 val­
ues using th e  AIPS ta sk  UVFIX. U sing d a ta  from  th e  U SNO 
(h ttp ://m a ia .u sn o .n av y .m il/se r7 /fin a ls2 0 0 0 A .a ll), we cor­
rec ted  for offsets in  (U T 1-U T C ), th e  difference betw een U ni­
versal T im e (U T1) as set by th e  ro ta tio n  of th e  E a r th  and 
m easured  by very long baseline in terfe rom etry  (V LBI), and 
co-o rd inated  U niversal T im e (U T C ), th e  atom ic tim e  (TAI) 
ad ju s ted  w ith  leap seconds. W here m easured  offsets were 
available, we also corrected  for shifts in an ten n a  positions 
using th e  AIPS ta sk  VLANT. Source positions were m easured 
by fitting  an  ellip tical G aussian  to  th e  source in th e  im age 
p lane, using th e  deconvolved, phase-referenced im age prior 
to  any self-calibration. T he  source was no t resolved in  any 
of th e  im ages. W e added  an  ex tra  positional u n certa in ty  of 
10 m as to  th e  m easured  V LA positions, to  account for sys­
tem a tic  uncerta in ties in  th e  astrom etry . T he  list of observa­
tions and  derived source positions is given in  T able 1.
T he  d a ta se t was enhanced  by th e  use of two h igh­
reso lu tion  V LB I m easurem en ts of th e  source position . We 
used th e  8.4-GHz position  of M iller-Jones e t al. (2008), and 
also ob ta ined  a second m easurem en t using global V LB I a t 
22 GHz, under p roposal code GM064. E igh t E u ro p ean  s ta ­
tions (C am bridge, Effelsberg, Jod re ll B ank  M kll, M edicina, 
M etsahovi, N oto, O nsala, and  R obledo), all te n  Very Long 
B aseline A rray  (V LBA ) sta tions, th e  phased  V LA and th e  
G reen B ank  Telescope (G B T ) p a rtic ip a ted  in  th e  experi­
m ent. D a ta  were tak en  from  21:30:00 UT on 2008 M ay 31 
u n til 16:00:00 UT on 2008 Ju n e  1, w ith  th e  E u ro p ean  sta tions 
being on source for th e  first 12 h  of th e  ru n  (R obledo from 
02:20:00 u n til 08:45:00 on 2008 Ju n e  1) and  th e  N o rth  A m er­
ican  s ta tio n s for th e  second 12 h  (M auna K ea from  07:30:00, 
w hen th e  source rose in  H awaii). T he  overlap tim e, w hen 
b o th  sets of s ta tio n s were on source, was 5.5 h. T he  phase 
reference and  fringe finder source was J  2025+3343. We ob­
served w ith  a  to ta l b it ra te  of 512 M b s - 1 , w ith  a b an d w id th  
of 64 MHz p e r po larization . We observed in  150-s cycles, 
spending  1.5 m in  on th e  ta rg e t and 1 m in  on th e  ca lib ra­
to r  in each cycle. T he  V LA was phased  up a t th e  s ta r t  of 
each ca lib ra to r scan, and  we m ade referenced po in ting  ob­
servations w ith  th e  larger dishes (the  VLA , G B T , Effelsberg 
and  R obledo) every 1-2 h. D a ta  were reduced  using s tan d a rd  
p rocedures w ith in  AIPS. We de tec ted  th e  source a t a  signifi­
cance level of 4.7a.
© 2008 RAS, MNRAS 000, 1-10
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Code Date MJD Error Config. Frequency RA Error Dec Error
(d) (GHz) (sec) (arcsec)
AH348 1990 Feb 16 47938.71 0.18 A 14.94
AH385 1990 Mar 08 47958.70 0.12 A 14.94
AH390 1990 Mar 25 47975.55 0.09 A 8.44
AH424 1991 Sep 25 48525.03 0.05 AB 14.94
AH424 1991 Sep 25 48525.04 0.05 AB 8.44
AH424 1992 Oct 20 48916.03 0.07 A 14.94
AH424 1992 Oct 20 48916.04 0.07 A 8.44
AH390 1993 Jan 28 49015.68 0.04 AB 14.94
AH390 1993 Jan 28 49015.68 0.02 AB 8.44
AH641 1998 May 04 50937.60 0.04 A 8.46
AH669 1999 Jul 04 51363.41 0.01 A 8.46
AH669 1999 Jul 13 51372.37 0.01 A 8.46
AH669 1999 Jul 26 51385.30 0.01 A 8.46
AH669 1999 Aug 22 51412.18 0.01 A 8.46
AH669 1999 Sep 01 51422.21 0.01 A 8.46
AH669 1999 Sep 04 51426.02 0.01 A 8.46
AH669 2000 Oct 20 51837.33 0.01 A 8.46
AR476 2002 Feb 03 52308.69 0.01 A 8.46
AR476 2002 Mar 01 52334.54 0.01 A 8.46
AH823 2003 Jul 29 52849.30 0.29 A 8.46
BG168 2007 Dec 02 54436.84 0.09 HSA 8.42
GM064 2008 May 31 54618.42 0.25 Global 22.22
20h24m03?82854 0.00085 25
c
33 02 '0348 0.0103
20h24m03?82896 0.00083 33° 52 02 '0379 0.0102
20h24m 03? 82865 0.00081 33° 52 02 '0439 0.0101
20h24m 03? 82733 0.00276 33° 52 01 '9563 0.0235
20h24m 03? 82321 0.00148 33° 52 02 '0143 0.0136
20h24m 03? 82752 0.00096 33° 52 02 '0208 0.0122
20h24m 03? 82673 0.00084 33° 52 02 '0196 0.0105
20h24m 03? 82779 0.00222 33° 52 01 ' 9964 0.0173
20h24m 03? 82427 0.00219 33° 52 02 ' 0317 0.0158
20h24m03?82493 0.00086 33° 52 01 ' 9820 0.0109
20h24m03?82479 0.00144 33° 52 01 ' 9721 0.0156
20h24m03?82431 0.00115 33° 52 01 ' 9984 0.0143
20h24m03?82508 0.00260 33° 52 01 ' 9470 0.0343
20h24m03?82443 0.00163 33° 52 01 ' 9429 0.0176
20h24m03?82417 0.00152 33° 52 02 ' 0063 0.0207
20h24m03?82397 0.00194 33° 52 01 '9464 0.0188
20h24m03?82718 0.00595 33° 52 01 ' 9676 0.0405
20h24m03?82325 0.00088 33° 52 01 ' 9481 0.0108
20h24m03?82586 0.00257 33° 52 01 ' 9457 0.0224
20h24m03?82440 0.00101 33° 52 01 ' 9317 0.0120
20h24m03?82129 0.000010 33° 52 01 ' 8993 0.0003
20h24m03?821082 0.000009 33° 52 01 ' 8957 0.0001
T ab le  1. Summary of the VLA and VLBI observations. The errors on the MJD values are taken as half the length of the observation. The 
quoted positional errors for the VLA observations are the sum in quadrature of the statistical errors and a systematic uncertainty of 10 mas. 
All co-ordinates are for epoch J2000. The coordinate system is based on the assumed position of the calibrator source J 2025+3343, taken 
to  be (J 2000) 20h25m 10?8421050(224) 33°43/00/./21443(42). The HSA and global VLBI observations have been corrected for parallax, 
assuming a source distance of 4kpc, and accounting for the uncertainty in the parallax when calculating the positional error bars.
3 RESULTS
Fig. 1 shows th e  m easured  R igh t A scension and  D eclina tion  
as a  function  of tim e, over th e  ~  20 years since th e  1989 
o u tb u rs t of V404 Cyg. T he best fitting  p roper m otions, in 
R igh t A scension and  D eclina tion  respectively, are
ß a cos S =  -4 .9 9  ±  0.19 m as y 
ßs  =  -7 .7 6  ±  0.21 m as y -
(1 )
(2 )
T hus th e  to ta l  p roper m otion  is ^  =  9.2 ±  0.3 m as y - 1 . All 
uncerta in ties  are 68  p e r cen t confidence lim its, and  unless 
o therw ise no ted  we will henceforth  quo te  1a e rro r bars on 
all m easurem ents.
T he  fit gives a reference position  (prior to  correcting  for 
th e  effects of th e  unknow n parallax) of 20h24m03.82177(2) 
33°52/01"9088(3) (J  2000) on M JD  54000.0, from  w hich we 
can  use th e  p roper m otion  to  determ ine  th e  p red ic ted  posi­
tion  a t any fu tu re  tim e.
3.1 Converting to Galactic Space Velocity  
co-ordinates
W ith  th e  system ic rad ia l velocity of - 0 .4  ±  2 .2 k m s - 1  
m easured  from  op tica l H a  stud ies (C asares & C harles 
1994), we can  calculate, for a  given source d istance, 
th e  full th ree-d im ensional space velocity of th e  system . 
T he b es t co n stra in t on th e  source d is tance  is 4 .0 -1  ' 2 kpc 
(Jonker & N elem ans 2004). U sing th e  tran sfo rm ations of 
Johnson  & Soderblom  (1987), and  th e  s ta n d a rd  solar m o­
tion  of (U© =  10.0 ±  0.36, V© =  5.25 ±  0.62, W© =  
7.17 ±  0.38) k m s - 1  (D ehnen  & B inney 1998), we can  com ­
p u te  th e  heliocentric G alactic space velocity com ponents U , 
V  and  W  (defined as U positive tow ards th e  G alactic C en­
tre , V  positive tow ards l =  90°, and  W  positive tow ards th e
3.834 
5  3.832 
o 3.830 
S 3.828 
S 3.826 
°  3.824 
<  3.822 
“  3.820 
I  2.05
c
o
S 2.00
q  1.90
47000 48000 49000 50000 51000 52000 53000 54000 55000 
MJD
F ig u re  1. Top panel: Measured Right Ascension as a function of 
time, from 1990 to  2007. Bottom panel: Declination as a function 
of time. The dotted lines are the best fitting proper motions, 
/j,a =  (-4 .99  ±  0.19) X 10- 4 secy-1  in R.A. and jUg =  (-7 .76  ±  
0.21) mas y - 1 in Dec.. The black dots are the VLA 8.4 GHz points 
and the light grey triangles are the 15-GHz VLA measurements. 
The dark grey squares labelled ‘H’ and ‘G’ are from the 8.4-GHz 
HSA observations of Miller-Jones et al. (2008) and the 22-GHz 
global VLBI observations reported in this paper, respectively
N o rth  G alactic Pole). T he  derived system  p aram eters  are 
given in  T able 2.
For a given d is tance , th e  expected  values of U and  V 
can  be ca lcu lated , assum ing th e  source p a rtic ip a te s  in  th e  
G alactic ro ta tio n . R eid  & B ru n th a le r (2004) d eterm ined  th e  
angu lar ro ta tio n  ra te  of th e  LSR  a t th e  Sun, © 0 / R 0 =  
29.45 ±  0 .1 5 k m s -1  k p c - 1 . A ssum ing a G alactocentric  d is­
tan ce  of 8.0 kpc (R eid 1993), th is  im plies a c ircu lar veloc­
ity  of 236 k m s - 1 . For c ircu lar ro ta tio n  ab o u t th e  G alactic 
C entre , th e  W  com ponent of th e  velocity is expected  to  be
m 1.95
©  2008 RAS, MNRAS 000, 1-10
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Parameter Value
Galactic longitude l 
Galactic latitude b 
Distance d (kpc)
Systemic velocity 7  (km s- 1 ) 
Proper motion ^ a cos <5 (mas y - 
Proper motion (m asy- 1 )
U (km s- 1 )
V (km s- 1 )
W  (km s- 1 )
U -  < U > (km s- 1 )
V -  < V > (km s- 1 )
W -  < W  > (km s- 1 ) 
vpec (km s- 1 )
73.12e 
-2.09°
4.o t?;°
-0 .4  ±  2.2 
-4 .99  ±  0.19 
-7 .76  ±  0.21 
177.1 ±  3.8-50 '. 2
-46 .1  ±  2.4-25 '. 5
0.2 ±  3.7-3 .5
62.0—0+39 . 4  17 . 4 
- 1 6 .1+6'5-0 . 0 2+2 .1 
2-3  5
64.1 ±  3.7+16 . 6
0.2—
T ab le  2. Measured and derived parameters. U , V and W  are 
the Galactic space velocity components in the direction of the 
Galactic Centre, I =  90° and b =  90° respectively. The first set 
of error bars accounts for uncertainties in the measured space 
velocities only, and the second takes into account the distance 
uncertainty. U -  < U > ,  V -  < V >  and W  -  < W  > are the dis­
crepancies from the velocities th a t would be expected for Galactic 
rotation. Summing these discrepancies in quadrature gives the pe­
culiar velocity, Vpec. The major source of error in these values is 
the distance uncertainty.
zero. As done by D haw an e t al. (2007) for G RS 1915+105, 
we can  tran sfo rm  th e  m easured  values of U and  V  in to  rad ia l 
and  circu lar velocities ab o u t th e  G alactic C entre , expected  
to  be vrad =  0 k m s - 1  and  vcirc =  236 k m s - 1  respectively. 
Fig. 2 shows th e  derived rad ial, c ircu lar and  W  velocities 
and  th e  pecu liar velocity of V404 Cyg. T he  peculiar veloc­
ity  is defined to  be th e  difference betw een th e  m easured  3­
dim ensional space velocity and  th a t  expected  for a  source 
partic ip a tin g  in  th e  G alactic ro ta tio n ,
— (vrad +  (vcirc — 236)2 +  W 2)2\ 1/2 (3)
For th e  range of d istances found by Jonker & N elem ans 
(2004), 2 .8 -6 .0 k p c , it  is clear th a t  th e  pecu liar velocity is 
non-zero. W e derive a value of vpec =  64.1 ± 3.7+16 ’ 6 k m s - 1 , 
w here th e  first e rro r b a r  accounts for s ta tis tic a l e rro r in  th e  
space velocities, and  th e  second for th e  d is tance  uncertain ty . 
T he p redom inan t com ponent of th e  peculiar velocity is ra ­
dial, w ith  a circu lar velocity slightly  faster th a n  expected , 
and  a  velocity ou t of th e  G alactic p lane consisten t w ith  zero.
4 TH E ORBITAL TR A JEC TO R Y  IN THE  
G ALACTIC PO TEN TIA L
From  th e  know n source position  and  th e  m easured  spatia l 
velocity com ponents, we can  in teg ra te  backw ards in  tim e 
to  com pute  th e  o rb ita l tra je c to ry  of th e  system  in th e  p o ­
ten tia l of th e  G alaxy. U sing a  fifth-order R u n g e -K u tta  al­
go rithm  (Press e t al. 1992) to  perform  th e  in teg ra tion , we 
com pared th e  p red ictions of several different m odels for th e  
G alactic p o ten tia l (C arlberg  & In n an en  1987, using th e  re­
vised p aram eters  of K uijken  & G ilm ore 1989; Paczynski 
1990; Jo h n s to n  e t al. 1995; W olfire e t al. 1995; F ly n n  e t al. 
1996; de O liveira e t al. 2002), all using som e com bination  
of one or m ore disc, spherical bulge and  halo  com ponents.
2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 
Distance (kpc)
F ig u re  2. Derived Galactocentric velocities of V404 Cyg, as a 
function of source distance. (a) shows the radial velocity, vrad , 
(b) shows the circular velocity, vc;rc, (c) shows the velocity out of 
the Galactic plane, W , and (d) shows the peculiar velocity, Vpec, 
i.e. the difference from the values expected for a source partici­
pating in the Galactic rotation. Dotted lines show the expected 
values of 0 k m s - 1 for the radial, W  and peculiar velocities, and 
236k m s-1  for the circular velocity. Error bars only account for 
uncertainties in the space velocity components, assuming zero er­
ror on the distance a t each plotted point.
A rep resen ta tive  o rb it reconstruc tion  using th e  m odel of 
Jo h n s to n  et al. (1995) is show n in Fig. 3. W hile th e  errors 
in  th e  space velocity com ponents m ake little  difference to  
th e  com puted  o rb ita l tra je c to ry  for a given m odel, th e  u n ­
ce rta in ty  in  th e  d is tance  has m uch m ore of an  effect. Fig. 4 
com pares th e  tra jec to rie s  com puted  for 2.8, 4.0 and  6.0 kpc, 
th e  lower, m ean  and  u p p er bounds to  th e  possible range of 
d istances. A larger source d is tance  im plies a  m ore ellip ti­
cal o rb it, w hich reaches fu r th e r from  th e  G alactic C en tre  a t 
apogalacticon.
C om paring  th e  different m odels for th e  G alactic p o ten ­
tia l, we find th a t  th e  p red ic ted  o rb ita l tra jec to rie s  in  th e  
G alactic p lane  begin  to  diverge significantly  a fter only 25- 
30M yr. In  th e  p e rpend icu la r d irection , th e  p red ictions d i­
verge even faster, w ith in  2 -3  M yr. G iven th e  u n ce rta in ty  in  
th e  source d is tance  and  G alactic p o ten tia l, it  is clearly im ­
possible to  in teg ra te  back  in  tim e over 0 .4 -0 .8 G y r (Section 
5) to  locate th e  b irth p lace  of th e  system . However, for a 
given source d is tance , we can  average over th e  ensem ble of 
m odel p red ictions to  derive som e generic p ropertie s  of th e  
o rb it. T he  eccentricity  e, sem i-m ajor axis a, and  th e  dis-
vpec
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F ig u re  3. The computed orbit of V404 Cyg over the last 1 Gyr, using the Galactic potential of Johnston et al. (1995) and assuming 
a current source distance of 4.0kpc. In (a), (b) and (c), the greyscale is a logarithmic representation of the Galactic mass density 
(M© kpc- 3 ), the black line denotes the computed orbit for the best fitting space velocities and positions, and the white trace indicates 
the error due to  uncertainty in the space velocity components. For clarity, the effect of the distance uncertainty is not shown (see Fig. 4). 
Panels (d) and (e) are a zoomed-in version of the x—z and y—z planes respectively (x, y and z defined as the directions I =  0°, I =  90°, 
b =  90° respectively), with the black line indicating the best-fitting trajectory and the grey trace once again indicating the spread due 
to  uncertainty in the measured space velocities only. In all panels, the cross marks the Galactic Centre, and the open circle and triangle 
mark the current positions of the Sun and V404 Cyg respectively
tances of th e  apsides, r max and  r min, for th e  m otion  in  th e  
G alactic plane, th e  m axim um  heigh t reached above or b e ­
low th e  p lane, zmax, and  th e  m inim um  and  m axim um  values 
of th e  peculiar velocity, vpec,min and  vpec,max, are given in  
T able 3.
We can  com pare these values w ith  those  of th e  th ick  
and  th in  d isk popu la tions. B inney & M errifield (1998) give 
th e  velocity dispersions in  th e  rad ial, az im uthal and  vertical 
d irections (relative to  th e  G alactic p lane) for b o th  stellar 
popu la tions, based  on th e  d a ta  of E dvardsson  e t al. (1993), 
for s ta rs  w ith in  80 pc of th e  Sun. A set of M onte C arlo sim ­
u la tions estab lished  th a t  th e  typ ica l p lan a r eccentricities of 
th e  th in  and  th ick  d isk popu la tions were 0 . 1 2  ±  0.06 and  
0.29 ±  0.15 respectively, while th e  typ ica l m axim um  height 
reached above th e  p lane was 0.17 ±  0.14 and  0.56 ±  0.61 kpc 
respectively. U nless V404 Cyg is a t th e  m axim um  possible 
d is tance , i t  is likely to  have o rig inated  as a m em ber of th e  
th in  disk po p u la tio n  (as also suggested by th e  age, m etallic-
ity  and  com ponent m asses of th e  sy s tem ), and  received some 
so rt o f kick w hich increased th e  p lan a r eccen tric ity  and  th e  
com ponent of velocity ou t of th e  G alactic plane.
5 TH E PE C U L IA R  VELOCITY
T he cu rren t pecu liar velocity of th e  system  is 64.1 ±  
3.7-16' 6 k m s - 1 . However, owing to  its  o rb it in  th e  G alac­
tic  p o ten tia l, th is  is no t a  conserved quan tity . For a  d is tance  
of 4 kpc, we find th a t  th e  peculiar velocity  varies betw een 39 
and  7 9 k m s - 1  (see T able 3 and  Fig. 5 ). We go on to  exam ine 
p o ten tia l exp lana tions for th is  pecu liar velocity.
5.1 Sym m etric supernova kick
If it form ed w ith  a  n a ta l supernova, th e  system  can  receive 
a  B laauw  kick (B laauw  1961), w hereby th e  b in ary  recoils to
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F ig u re  4. The effect of the distance uncertainty on the com­
puted Galactocentric orbit of V404 Cyg. Trajectories have been 
computed for the minimum, best fitting and maximum distances 
derived by Jonker & Nelemans (2004), using the measured space 
velocities and the Galactic potential of Johnston et al. (1995). For 
each distance, the spread in the trajectories due to  uncertainties 
in the space velocity components has been plotted. In all panels, 
the cross marks the Galactic Centre, and the open circle and tr i­
angles mark the current positions of the Sun and V404 Cyg (at 
its different distances) respectively.
conserve m om entum  after m ass is in s tan taneously  ejected 
from  th e  prim ary. For th e  b in ary  to  rem ain  bo u n d  a fter th e  
supernova, th e  ejec ted  m ass A M  m ust be less th a n  h a lf th e  
to ta l  m ass of th e  system . A m axim um  ejec ted  m ass tr a n s ­
la tes to  a m axim um  recoil velocity of th e  binary , for w hich 
an  expression was derived by N elem ans e t al. (1999),
213
/ A M \  Í  m  \  /  P r
,M© J \W  ~
' \  i  -^re-circ \
I) J
)
-1 /3
-5/3
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w here M bh and  m  are th e  m asses of th e  black  hole and 
th e  secondary  im m ediately  a fter th e  supernova, before m ass 
tran sfe r has begun, and  Pre- circ is th e  period  of th e  o r­
b it once it has recircularized following th e  supernova, re-
Distance 2.8 kpc 4.0 kpc 6.0 kpc
rmax (kpc) 9.8 ±  0.4 11.7 ±  0.7 20.2 ±  4.4
rmin (kpc) 7.0 ±  0.1 7.2 ±  0.1 7.9 ±  0.1
Zmax (kpc) 0.13 ±  0.02 0.20 ±  0.03 0.47 ±  0.14
a (kpc) 8.4 ±  0.2 9.4 ±  0.4 14.1 ±  2.2
e 0.16 ±  0.02 0.24 ±  0.03 0.42 ±  0.07
vpec,min (km s 1) 21.9 ±  5.1 38.9 ±  6.4 82.4 ±  7.4
Vpec,max (km S 1) 56.5 ±  4.9 78.8 ±  5.7 134.3 ±  10.3
T ab le  3. Derived param eters of the Galactocentric orbit, av­
eraged over the ensemble of models for the Galactic potential. 
The parameters are the maximum and minimum distances from 
the Galactic Centre measured in the plane (rmax and rmin), the 
maximum distance reached above or below the plane (zmax), the 
semi-major axis a, the orbital eccentricity e (both calculated in 
the plane), and the minimum and maximum peculiar velocity 
(vpec,min and Vpec,max respectively). Uncertainties are the scat­
ter due to both the errors on the measured velocities and the 
differing models for the Galactic Potential.
la ted  to  th e  o rb ita l period  im m ediately  after th e  supernova 
has occurred  by Pre-circ =  Ppost-SN(1 -  epost-sN )3/2. R e­
circu lariza tion  occurs before th e  s ta r t  of m ass tran sfe r from  
th e  secondary  to  th e  black hole, due to  th e  s trong  tid a l forces 
p resen t once th e  secondary  has evolved and  expanded  suffi­
c iently  to  com e close to  filling its  R oche Lobe.
D uring  its  X -ray  b inary  phase, th e  system  undergoes 
m ass tran sfe r from  th e  donor s ta r  to  th e  black hole, increas­
ing th e  black hole m ass and  o rb ita l period  and  reducing th e  
donor m ass. In  th e  case of conservative m ass tran sfer, angu­
lar m om entum  conservation  and  K ep ler’s T h ird  Law im ply 
th a t  these p a ram ete rs  evolve as
P  x  (M b h w ) (5)
W hile we have no exact co n stra in t on how long ago m ass 
tran sfe r began, we can  use th e  cu rren t o rb ita l period 
and  com ponent m asses (Shahbaz e t al. 1994) to g e th e r w ith  
E q u a tio n  5 to  find th e  system  p aram eters  a t any p o in t in 
th e  p ast, and  th e  im plied m axim um  ejec ted  m ass and  recoil 
velocity of a supernova w hich would have crea ted  a system  
w ith  those  p a ram ete rs  (from E q u a tio n  4 ) . T h is is show n in 
Fig. 6 for th ree  possible cu rren t configurations of donor and 
accre to r mass.
As m ass is tran sfe rred  from  donor to  accretor, th e  or­
b ita l period  increases (E qua tion  5 ) . T h u s for a larger tra n s ­
ferred m ass, Mtrans, (a sm aller in itia l black hole m ass and 
a  less recen t onset of m ass transfer) th e  o rb ita l period  a t 
th e  onset of m ass tran sfe r is sm aller. T he  pre-supernova or­
b ita l period, w hich is sm aller due to  th e  m ass loss in  th e  
explosion (m iddle line in  th e  to p  left h an d  panel of Fig. 6 ) , 
can n o t be so sho rt th a t  e ither th e  black  hole progen ito r or 
its  com panion  fills its  R oche lobe, se ttin g  a m inim um  pos­
sible p re-supernova o rb ita l period  (lower line in  th e  to p  left 
h an d  panel of Fig. 6 ) . For sm all values of M trans, th e  m ax ­
im um  m ass lost in  th e  supernova is equal to  h a lf th e  to ta l 
system  m ass, and  th e  m axim um  kick velocity vmax increases 
v ia  E q u a tio n  4 because b o th  th e  post-supernova donor m ass 
increases and  th e  post-supernova period  decreases w ith  in ­
creasing M trans. W here th e  period  co n stra in t becom es im ­
p o r ta n t, th e  m axim um  m ass lost in  th e  supernova decreases, 
being set by th e  sh o rte st allowed pre-supernova o rb ita l pe-
3
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F ig u re  5. Variation in Galactocentric radial velocity vrad , circu­
lar velocity vcirc, perpendicular velocity vz , and peculiar velocity 
Vpec, as a function of tim e while integrating the orbit backwards 
over the last Gyr, using the potential of Johnston et al. (1995). 
Solid, dotted and dashed lines are for source distances of 4.0, 
2.8 and 6.0 kpc respectively. The grey lines show the uncertainty 
arising from the error bars on the measured space velocities, for 
a distance of 4.0 kpc. The peculiar velocity varies as a function of 
time.
F ig u re  6. Evolution of the post-supernova binary orbital pe­
riod (top panels), maximum possible mass ejected in the super­
nova (middle panels), and maximum possible velocity kick (lower 
panels), as a function of to tal mass transferred since the super­
nova from the secondary to  the black hole. Left-hand panels are 
all for the case of conservative mass transfer, for current com­
ponent masses of (M b h ,™) =  (12, 0.7) M q . The top left plot 
shows the post-supernova orbital period (thick solid line), the pre­
supernova orbital period (middle line) and the minimum perm it­
ted pre-supernova orbital period in which neither the helium star 
progenitor nor the main sequence companion fills its Roche lobe 
(bottom line). The right-hand panels show the situation for con­
servative mass transfer using different current component masses, 
and one case of non-conservative mass transfer. Thick solid lines 
are for current component masses of (M b h ,™) =  (12, 0.7) M q , 
thin solid lines are for (10, 1) M q and grey lines are for (14, 0.5) 
M q , assuming conservative mass transfer in all cases. Dashed 
lines indicate non-conservative mass transfer for the (10, 1) M q 
case, with ten per cent of the mass transferred being lost from 
the system.
riod. T he  decreasing m ass loss in  th e  explosion th e n  offsets 
th e  increasing post-supernova donor m ass, and  th e  m ax ­
im um  possible kick velocity decreases as M trans increases 
fu rther.
E q u a tio n  5 is valid only for th e  case of conservative m ass 
transfer. However, th e re  are strong  ind ications th a t  th is  as­
sum p tion  is n o t valid for V404 Cyg. A t th e  very least, th e  
radio  o u tb u rs ts  (e.g. H an  & H jellm ing 1992) suggest th a t  
m a teria l is being  lost to  je t outflows. Podsiadlow ski e t al.
(2003) ca lcu la ted  b in ary  evolution  track s for a  10M© black 
hole in  o rb it w ith  donors of m ass 2-17M ©  (for th ere  to  
have been  any sym m etric  kick, Fig. 6 shows th a t  th e  tr a n s ­
ferred m ass m ust be  <  2.5M © , im plying th a t  th e  in itia l sec­
ondary  m ust have been  less m assive th a n  ~  3.5M ©), some 
of w hich th ey  found could rep roduce th e  system  param e­
te rs  of V404 Cyg extrem ely  well. T hey  took  in to  account 
non-conservative m ass tran sfer, w hereby m ass tran sfe rred  
in  excess of th e  E d d in g to n  ra te  is lost from  th e  system . A 
com parison w ith  th e  equations for conservative m ass tra n s ­
fer suggested th a t  th e  o rb ita l period  increases m ore slowly 
in  th e  non-conservative case, by a  factor of a t m ost 2. As an  
exam ple of how th is  could affect th e  m axim um  B laauw  kick 
velocity, th e  dashed  lines in  Fig. 6 are for th e  cu rren t case of 
a  10M© accretor w ith  a  1M© donor, w ith  10 p e r cent of th e  
tran sfe rred  m ass being lost from  th e  system  and  th e  o rb ita l 
period  increasing a fac to r 2 m ore slowly th a n  p red ic ted  by 
E q u a tio n  5.
O ur calcu lations show th a t  for V404 Cyg, it is ju s t pos­
sible to  achieve a kick of 6 4 k m s -1  using only sym m etric 
m ass loss in  th e  supernova (a B laauw  kick). If  th e  explo­
sion occurred  a t a  po in t in  th e  G alac tocen tric  o rb it w here
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th e  pecu liar velocity was m inim ized (Fig. 5 ) , th is  could be 
sufficient to  exp lain  th e  observed peculiar velocity, p a r tic u ­
larly  if th e  system  is tow ards th e  lower end of th e  possible 
range of d istances. However, to  achieve such a large kick re­
quires fine-tun ing  th e  param eters, to  give a  relatively  low 
in itia l black hole m ass (closer to  9.2M q th a n  th e  best fit­
ting  value of 12M q ) and  an  ejec tion  of ~  11M q during 
th e  supernova. Such a  large m ass loss, in  com bination  w ith  
th e  system  p a ram ete rs  (a ~  9M q black hole w ith  a low- 
m ass donor), do no t m ake th is  scenario very p lausib le (see, 
e.g., F ryer & K alogera 2001, for theo re tica l estim ates  of th e  
am ount of m ass ejected  in  a supernova as a function  of p ro ­
genitor mass; to  form  a 9M q b lack hole requires a p rogenitor 
of 25-30 M q , in  w hich case th e  m ass ejected  in  th e  su p er­
nova is expected  to  be  <  3M q ). We find it unlikely th a t 
a  sym m etric  kick alone is sufficient to  explain  th e  observed 
pecu liar velocity.
5.2 V elocity dispersion in the disc
T he donor s ta r  in  V404 Cyg is a K 0 subgian t 
(C asares & C harles 1994) of m ass 0 .7 -0  ' 2M© 
(Shahbaz e t al. 1994). K ing (1993) dem o n s tra ted  th a t 
th e  system  is a s trip p ed  g ian t, w hich evolves on th e  
nuclear tim escale of th e  donor s ta r , w hich is in  th e  range 
0.4-0.8 G yr. T h u s th e  secondary  was in itia lly  significantly 
m ore m assive, and  has tran sfe rred  m ass to  th e  black hole. 
F rom  Fig. 6 , th e  donor s ta r  is unlikely to  have tran sfe rred  
m ore th a n  2.5M© to  th e  black hole during  th e  m ass transfer 
phase, im plying an  in itia l donor m ass of <  3.5M © . T he 
evolu tionary  tracks of Podsiadlow ski e t al. (2003) show th a t  
such a system  w ould take  of o rder 0 .7-0 .8  G yr to  evolve 
to  an  o rb ita l period  of 6.5 d, in  agreem ent w ith  th e  range 
given by K ing (1993). In  0 .8 G yr, th e  system  has m ade
3.5-5 o rb its  in  th e  p o ten tia l of th e  G alaxy (depending  on 
th e  m odel used for th e  G alactic po ten tia l; see Section 4 ) , 
so could well have received som e com ponent of pecu liar 
velocity in  th e  G alactic p lane owing to  non-ax isym m etric  
forces such as sca tte rin g  from  th e  po ten tia ls  of sp iral arm s 
or in te rste lla r cloud com plexes (W ielen 1977). However, 
estim ates of th e  velocity d ispersion  of th e  th in  disk p o p u ­
la tion  (D ehnen & B inney 1998; M ignard  2000) show th a t  
for F 0 -F 5  s ta rs  (w ith  in itia l m asses com parab le  to  th a t  
es tim ated  for th e  donor s ta r  in  V404 Cyg p rio r to  th e  onset 
of m ass tran sfe r), it  is of o rder 2 8 k m s - 1 .
M ignard  (2000) fitted  th e  S un ’s pecu liar m otion  and 
th e  d ifferential velocity field caused by th e  G alactic ro ta ­
tion  to  th e  parallaxes and  p roper m otions m easured  by Hip- 
parcos. E xam ining  th e  fit residuals showed th e  pecu liar ve­
locities to  follow a th ree-d im ensional G aussian  d is trib u tio n , 
w ith  th e  p red ic ted  sc a tte r  in  th e  velocity in  G alactic lon­
g itude  being given by (0.7 <  u 2 > ) 1/2, w here <  u 2 >  is 
th e  velocity d ispersion  in  th e  rad ia l d irection , de te rm ined  as 
<  u 2 > 1/2 =  22.5± 0.3 k m s -1  for F0-F5 stars. T he  m easured  
pecu liar velocity  of V404 Cyg in  th e  long itud inal d irection  
is -6 4 .0 -3 ?  ' 7 k m s - 1 , im plying a  p robab ility  of 7 x  10-4  of 
being caused by G alactic velocity diffusion if th e  source is 
a t 4 kpc, and  only 1.6 x 10-2  even if th e  source is a t 2.8 kpc. 
T hus th is  m echanism  is unlikely to  account for th e  observed 
and  inferred range of pecu liar velocities.
5.3 An asym m etric supernova kick?
If  n e ither th e  effects of ste llar diffusion nor a sym m etric 
kick can  exp lain  th e  observed peculiar velocity, it  could in ­
stead  be th e  effect of an  asym m etric kick during  th e  su p er­
nova. T he  sm aller d ispersion in  z-d istance  (d istance above 
or below th e  G alactic p lane) of black hole X -ray  b inaries 
w hen com pared  to  n eu tro n  s ta r  system s h ad  been  in te r­
p re ted  as evidence for sm aller kicks w hen form ing black  holes 
(W hite  & van P a rad ijs  1996). However, Jonker & N elem ans
(2004), using a larger sam ple and  revised d is tance  estim ates 
for th e  sources, found no evidence for such a discrepancy, 
suggesting th a t  black holes can  receive n a ta l kicks com ­
parab le  w ith  those  seen in  n eu tro n  s ta r  system s. R ecent 
analysis of th e  space velocities of th e  black hole X -ray  b i­
naries X T E  J  1118+480 (G ualandris e t al. 2005) and  G RO  
J 1655-40 (W illem s e t al. 2005) found evidence for asym m et­
ric kicks in  these  two system s, w ith  such a  kick being m an ­
d a ted  in  th e  case of X T E  J  1118+480 (Fragos e t al. 2007).
A n asym m etric kick is n o t constra ined  to  lie in  th e  or­
b ita l p lane, as in  th e  case of a B laauw  kick. W hile th e  in ­
c lination  angle of th e  system  to  th e  line of sight is well- 
constra ined  to  be  56° ±  4° (Shahbaz e t al. 1994), th e  longi­
tu d e  of th e  ascending node, fi, w ith  respect to  th e  sky plane 
is no t know n, so we canno t de term ine  th e  abso lu te  o rien ta ­
tion  of th e  b inary  o rb ita l plane. However, for a given value of 
fi, we can  d eterm ine  th e  o rien ta tio n  of th e  o rb ita l p lane w ith  
respect to  th e  G alactic axes x , y and  z (corresponding to  the 
velocity com ponents U , V and  W ). W e assum e th a t  th e  ori­
e n ta tio n  of th e  o rb ita l p lane does no t change w ith  tim e. For 
any p o in t du ring  its  G alac tocen tric  o rb it, we can  use th e  
positions and  velocities com puted  in Section  4 to  calcu late  
th e  com ponent of th e  pecu liar m otion  perpend icu la r to  th e  
o rb ita l p lane, vx , w hich provides a lower lim it to  th e  asym ­
m etric  kick velocity  should  th e  supernova have occurred  a t 
th a t  po in t in  tim e. A ssum ing all values 0 <  fi <  2n are 
equally likely, we can  ru n  M onte C arlo sim ulations to  find 
th e  p robab ility  th a t  th e  com ponent o f th e  peculiar velocity 
p erpend icu la r to  th e  o rb ita l p lane  is equal to  or less th a n  
w ould be  expected  for th e  progen ito r from  th e  typ ica l ve­
locity d ispersion of m assive s ta rs  (taken  as 1 0 k m s -1  in one 
com ponent; see M ignard  2000). Fig. 7 shows th e  p robability  
th a t  vx is less th a n  1 0 k m s -1  for th e  m ean  and  ex trem e val­
ues of th e  d istance, as a function  of tim e. T he  p robab ility  is 
low, of o rder 10-20 p e r cen t, w ith  little  varia tion  in  th e  m ean  
p robab ility  as a function  of source d istance. I t  is therefore 
unlikely (a lthough  possible, excep t for ce rta in  sho rt periods 
of tim e) th a t  th e  m easured  peculiar velocity  perpend icu lar 
to  th e  b inary  o rb ita l p lane can  be  a ttr ib u te d  to  th e  veloc­
ity  d ispersion  of th e  system  p rio r to  th e  supernova. Since 
a  sym m etric  kick canno t give rise to  velocity  o u t of th e  or­
b ita l p lane, it  is p robab le  th a t  th ere  was an  asym m etric  kick 
during  th e  fo rm ation  of th e  black hole.
6 D ISC U SSIO N
I t  appears  th a t  a  supernova is requ ired  to  explain  th e  pecu­
liar velocity  of V404 Cyg. T hus th e  black hole in  th is  system  
did  no t form  v ia  d irec t collapse. F rom  th e  range of pecu liar 
velocities inferred during  th e  G alac tocen tric  o rb it of th e  sys­
tem , a sym m etric  supernova kick could ju s t be sufficient to
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F ig u re  7. Probability th a t the component of the peculiar veloc­
ity perpendicular to  the orbital plane is less than  10k m s- 1 . We 
assumed a uniform probability for the longitude of the ascend­
ing node, for angles in the range 0 < Q < 2n, and derived the 
probabilities for the best-fitting distance (4.0kpc; solid line), and 
the upper (6.0 kpc; dotted line) and lower (2.8 kpc; dashed line) 
limits to  the distance. A low probability implies th a t it is likely 
th a t the velocity perpendicular to  the orbital plane is high, so the 
system has received an asymmetric kick a t formation.
explain  th e  observations if th e  source is a t th e  lower end of 
th e  allowed range of d istances. However, th e  m ass loss re­
quired , as well as th e  com ponent of pecu liar velocity inferred 
to  lie p e rpend icu la r to  th e  o rb ita l p lane, m ake it  likely th a t  
th e  system  was su b jec t to  an  asym m etric  kick during  black 
hole form ation .
T he  full th ree-d im ensional space velocities have been 
m easured  for a  hand fu l of o th e r black  hole system s. 
X T E  J  1118+480 (M irabel e t al. 2001) and  G R O  J 1655- 
40 (M irabel e t al. 2002) are b o th  in highly eccentric o r­
b its  a round  th e  G alactic C entre. A n asym m etric  n a ­
ta l  kick is requ ired  for X T E  J 1118+480 (Fragos e t al.
2007), and  believed to  have been  likely in G RO  J  1655-40 
(W illem s e t al. 2005). T he  h igh-m ass X -ray  b inary  C ygnus 
X-1 (M irabel & R odrigues 2003a) is m oving a t only 9 ±
2 km  s -1  w ith  respect to  its  p a ren t association  Cyg OB3, im ­
plying th a t  <  1M© was ejec ted  in  th e  n a ta l supernova, and 
th a t  th e  black hole form ed by d irec t collapse. G RS 1915+105 
on  th e  o th er h an d , has been  inferred to  have an  o rb it and 
peculiar velocity (D haw an e t al. 2007) fairly sim ilar to  th a t 
of V404 Cyg. D haw an e t al. (2007), using a  G alactocen- 
tr ic  d is tance  of R 0 =  8.5 kpc and  a circu lar velocity of 
©o =  220 km  s -1  for th e  LSR, found th a t  a sym m etric  su ­
pernova kick and  ste llar diffusion were insufficient to  explain  
th e  pecu liar velocity unless th e  source was located  a t 9­
10 kpc, w here th e  peculiar velocity is m inim ized. However, 
using th e  values of R 0 =  8 .0 kpc and  ©0 =  23 6 k m s -1  as­
sum ed in  th is  p ap e r gives a m inim um  peculiar velocity of 
2 3 k m s -1  for a source d is tance  of 1 0 kpc, w hich could th en  
in  p rincip le be explained by a sym m etric  supernova explo­
sion or ste llar diffusion. W hile a  d is tance  a t th e  lower end 
o f th e  allowed range w ould give a h igher value for th e  cu r­
ren t pecu liar velocity, th e  pecu liar velocity  w ould still be 
sufficiently low a t ce rta in  po in ts in  th e  G alactocen tric  o rb it 
for an  asym m etric kick no t to  be required . However, if th e  
source is a t th e  u p p e r end of th e  possible d is tance  range 
(>  1 2 kpc), th e  pecu liar velocity is h igh enough th ro u g h ­
o u t th e  o rb it th a t  an  asym m etric kick becom es necessary.
W ith o u t know ing th e  source d is tance , we canno t definitively 
determ ine  its  fo rm ation  m echanism . W e also no te  th a t  th e  
m om entum  im p arted  by a kick of 2 3 k m s -1  to  such a  14M© 
black hole (G reiner e t al. 2001) is sim ilar to  th a t  gained by 
a  n eu tro n  s ta r  receiving a kick of a  few h u nd red  km  s -1  
(e.g. Lyne & Lorim er 1994; H ansen  & P h inney  1997), so ow­
ing to  its  large m ass, even such a low pecu liar velocity  for 
G RS 1915+105 w ould n o t necessarily ru le ou t a  n a ta l kick.
For V404 Cyg, th e  derived com ponents of th e  system  ve­
locity  in th e  G alactic plane, U and  V , are m uch larger th a n  
W , th e  velocity  o u t of th e  p lane (Table 2 ). W hile th is  is to  
be  expected  since th e  G alactic ro ta tio n  of 236 km  s-1  form s 
a  com ponent of b o th  U and  V , b u t no t W , accounting for 
th e  G alactic ro ta tio n  (giving th e  U -  <  U >  and  V -  <  V  >  
term s in  T able 2) does no t rem ove th is  discrepancy betw een 
th e  com ponents of th e  peculiar velocity in  and  ou t of th e  
plane. A sim ilar discrepancy is observed for th e  o th er four 
black hole system s w ith  m easured  th ree-d im ensional space 
velocities (M irabel e t al. 2001, 2002; M irabel & R odrigues 
2003a; D haw an e t al. 2007), even accounting for th e  ranges 
of values allowed by th e  un certa in ties  in th e  system  p a ram ­
eters. However, as show n in  Fig. 5 , th e  velocity com ponents 
change w ith  tim e, so we reconstruc ted  th e  G alactocentric  o r­
b its  of all five sources. T h is  showed th a t  th e  W  com ponent of 
velocity can  be significantly  g rea te r th a n  th e  pecu liar veloc­
ity  in  th e  p lane  for X T E  J  1118+480, and  can  be  of a sim ilar 
m agn itude  to  th e  com ponent in  th e  p lane  a t ce rta in  po in ts 
in  th e  o rb its  of C ygnus X-1 and  G RS 1915+105. W ith  only 
five system s, we are dealing w ith  sm all num ber sta tis tics , 
b u t these resu lts  are consisten t w ith  th e re  being no preferred  
o rien ta tion  of th e  peculiar velocity re la tive to  th e  G alactic 
plane. Indeed , considering th e  know n po p u la tio n  of black 
hole X -ray  b inaries, including those w ith  no m easured  space 
velocity, th e  d is tr ib u tio n  in  z (Jonker & N elem ans 2004) 
dem onstra tes  th a t  a num ber of system s m ust have a  sig­
nificant W  velocity a t ce rta in  po in ts in  th e ir  o rb its , in  order 
to  reach  th e  d is tances of several h u nd red  parsecs above or 
below th e  p lane a t w hich th ey  are cu rren tly  observed. T hus 
th e re  is no observational evidence to  suggest th a t  th e  n a ta l 
kick d is tr ib u tio n  should  n o t be isotropic.
T hus th e  tw o system s w ith  th e  lowest black hole m asses, 
X T E  J  1118+480 and  G RO  J  1655-40 (b o th  of o rder 6 -7  M© 
Orosz 2003), are found to  have requ ired  asym m etric  kicks 
during  th e  fo rm ation  of th e  black  hole. For th e  h igher-m ass 
system s, th e  s itu a tio n  is less c lear-cut. C ygnus X-1, V404 
Cyg and  G RS 1915+105 all have m asses of >  10M ©. W hile 
C ygnus X-1 appears to  have form ed by d irec t collapse, th e  
pecu liar velocity of V404 Cyg im plies th a t  a  supernova m ust 
have occurred , and  an  asym m etric  kick seem s likely to  have 
been  requ ired  in  th is  system , con tra ry  to  assertions th a t 
black holes of 10M© form  by d irec t collapse (e.g. M irabel
2008). For G RS 1915+105, we canno t definitively determ ine 
its  fo rm ation  m echanism  w ith o u t an  accu ra te  d is tance  to  th e  
source. R egardless, w ith  only five system s, no clear tren d s 
w ith  black hole m ass can  be  identified. In  order to  b e tte r  
constra in  th e  form ation  m echanism s of ste llar-m ass black 
holes, th e  space velocities of m ore such system s w ith  a  range 
of black hole m asses need to  be m easured , to  co nstra in  th e  
frequency of occurrence of n a ta l kicks, and  hence supernova 
explosions.
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7 CONCLUSIONS
W e have m easured  th e  p roper m otion  of V404 Cyg using 
20 years’ w orth  of V LA and  V LB I rad io  observations. To­
g e ther w ith  th e  rad ia l velocity and  co n stra in ts  on th e  d is­
tan ce  of th e  system , th is  tran s la te s  to  a pecu liar m otion  of 
64.1 ±  3.7+16 ' 6 k m s - 1 . G iven th e  m easured  p roper m otion, 
th e  black hole canno t have been  form ed v ia  d irec t collapse. 
A supernova is required  to  achieve th e  observed pecu liar ve­
locity, w ith  e ither a  large am ount of m ass (~  11M©) being 
lost in  th e  explosion, or, m ore probably , th e  system  being 
su b jec t to  an  asym m etric kick. In  th e  case of a  pu re  B laauw  
kick, ~  1M© m ust have been  tran sfe rred  from  th e  donor 
to  th e  black hole since th e  onset of m ass tran sfer, im plying 
an  in itia l black hole m ass of ~  9M© w ith  a donor m ass of 
~  2M© prio r to  th e  onset of m ass transfer.
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